INTRODUCTION
Temperature, as one of the basic thermodynamic parameters, determines properties of matters, and affects the way of production and life activities of mankind deeply.
Whereas, an accurate temperature measurement for fastmoving objects, micro devices and chemically/thermally harsh environment is still very difficult [1] [2] [3] [4] . To solve this problem, optical thermometry based on detecting temperature-sensitive optical parameters such as spectral position, emission intensity, emission band shape, emission bandwidth, fluorescence lifetime and fluorescence intensity ratio (FIR), attracts growing interest due to its high spatial resolution, rapid response, and noninvasivity [5] [6] [7] [8] [9] [10] [11] [12] . Benefiting from independence on spectral losses, external interference and fluctuations in excitation density, FIR technique is highly desired among various optical temperature sensing schemes [13] [14] [15] [16] . Essentially, the FIR-based temperature sensing is achieved by monitoring two discriminable emission peaks as the signals whose responses to temperature are significantly different. So far, the thermally coupled levels (TCL) of many rare earth ions (such as Er 3+ : 4 S 3/2 / 2 H 11/2 [17, 18] ; Ho 3+ : 5 G 6 / 3 K 8 [19, 20] ; Nd 3+ : 4 F 7/2 / 4 F 3/2 [21] ), and transition metal ions (such as Cr 3+ : 2 E/ 4 T 1 [22, 23] ), are often utilized as temperature probes. With variation of temperature, electron populations at the lower and upper level of TCL could change oppositely, resulting in varied FIR. However, due to the narrow energy gap between TCL (ΔE < 2000 cm −1 ), such thermometric strategy is notorious for low relative temperature sensitivity (S r ). Moreover, thermal broadening of the two emission signals at elevated temperature could also lead to an inferior signal discriminability.
To avoid the TCL limitations, many researchers shift their attention to FIR-based dual-emitting-centers with different thermal-dependent emission behaviors [24] . For instance, Eu 3+ /Tb 3+ [25] , Pr 3+ /Tb 3+ [5] , Sn 2+ /Mn 2+ [26] , 
Characterization
Powder X-ray diffraction (XRD) measurements were performed on an Aeris X-Ray Diffractometer (PANalytical Corporation, Netherlands) operating at 40 kV and 15 mA with monochromatized Cu Kα radiation (λ = 1.5406 Å). The Rietveld structure refinements were performed by using TOPAS 4.2 [43] . Electron paramagnetic resonance (EPR) spectra were recorded by an electron paramagnetic resonance EPR spectrometer (Bruker, A300). The photoluminescence (PL), photoluminescence excitation (PLE) spectra and temperature dependent luminescence spectra were detected by a Hitachi F-4600 fluorescence spectrophotometer. The decay curves were measured by an Edinburgh FLS980 fluorescence spectrophotometer.
The electronic structure calculations for Ca 2 Al 2 SiO 7 matrix were carried out with density functional theory framework using the CASTEP code [44] . The Perdew-Burke-Enzerhof form of the generalized gradient approximation (GGA) was applied to treat the exchange correlation effect. The ultra-soft pseudo-potential was employed to describe the electron-ion interactions. The plane-wave basis set cut-off was 450 eV, K-points grind sampling 3 × 3 × 5. And the lattice was optimized before calculations.
RESULTS AND DISCUSSION
The gehlenite, namely Ca 2 Al 2 SiO 7 , is crystalized in tet-ragonal structure with space group P42 1 m. Cations are found with three types of sites: large eightfold coordinated site occupied by the large cation Ca 2+ S1 ) and the compounds are proved to be pure. Therefore, this structure was taken as starting model for Rietveld refinement. Site of Ca ion was occupied by Ca/Eu ions with fixed occupation according to suggested chemical formula. Refinements were stable and gave low R-factors ( Fig. 1b, Fig. S2a , b, and Table S1 ). Coordinates of atoms and main bond lengths are shown in Table S2 and Table  S3 , respectively. The calculated cell volume V, cell parameter a and c of Ca 2 Al 2 Si 1−x O 7 :Eu increase with increasing x (inset of Fig. 2b ), and thus one can conclude that vacancy size in Al2/Si2 site has slightly bigger ion radii in comparison with Si 4+ ion. Beyond our expectation, with Si deficiencies, the EPR signals originating from EPR-active Eu 2+ ion is weakened ( Fig. 1c ), due to the oxidation of
The valence change will be also proved by spectroscopy as discussed below. As for the charge compensation in Ca 2+ ↔ Eu 3+ replacement, the Al 3+ substitutes at Si 4+ site can occur when Si content is decreased, which could also lead to cell volume increasing because the radius of Al 3+ is bigger than that of Si 4+ . Therefore, the possible replacement mechanism can be suggested as Ca
Additional one is Ca
. Thus, the overall replacement mechanism is proposed as 2Ca x increase, we found that the Eu 2+ emission was gradually quenched, accompanied by Eu 3+ emission getting stronger ( Fig. 2b, c) . Similar phenomena are also observed when the phosphors are excited at 260 nm UV light (Fig. S3 ). The inset of Fig. 2c compounds, which is mainly due to the formation of defects via non-stoichiometry substitution and the room temperature quenching of Eu 2+ , verified by the emission decay lifetime of 0.745 μs measured at 77 K (Fig. S4 ).
To explore possible application of the phosphor in optical thermometry, the temperature-dependent PL spectra of one typical sample (x = 0.04) are recorded from 303 to 443 K, as presented in Fig. 3a, b . And the histogram of Eu 2+ (550 nm) and Eu 3+ (703 nm) emission intensity versus temperature (T) is provided in Fig. 3c . As temperature rises, the Eu 2+ emission (at 550 nm) intensity decreases dramatically, while Eu 3+ emission (at 703 nm) keeps at almost constant level. As a result, the emission color changes from yellow to orange red, as shown in the Commission International de L'Eclairage (CIE) chromaticity diagram (Fig. 3d ), CIE data (Table S4 ) and digital photograph (inset of Fig. 3d ). Consequently, the FIR between the characteristic emissions of Eu 2+ (550 nm) and Eu 3+ (703 nm) can be used as temperature measurement index. The measured plots of the FIR versus T are illustrated in Fig. 4a . Evidently, it can be well fitted by the exponential formula:
with a high coefficient of determination (R 2 ) of 0.997. The absolute sensitivity S a , defined as the average FIR change with respect to T, and the relative sensitivity S r , defined as the rate of FIR changing along with T, can be expressed as [46, 47] :
The calculated values of S a and S r are given in Fig. 4b . The maximum value of S a is 0.024 K −1 (at 303 K) and that of S r is 2.46% K −1 (at 443 K), which is much higher than those of many other reported thermometers, such as NaGd( in Fig. 5a, b 
where, τ(T) is the fluorescence lifetime at a given temperature, τ 0 is the fluorescence lifetime at 0 K, k B is the Boltzmann constant, and A is the pre-exponential constant. By fitting (R 2 = 0.995), the thermal activation energy ΔE 1 is determined to be around 1853 cm −1 .
The possible thermal quenching mechanism behind the Eu 2+ /Eu 3+ mixed-valence co-activated Ca 2 Al 2 Si 1−x O 7 is schematically illustrated in Fig. 6 
CONCLUSIONS

